The present study assesses the impacts of decentralized forest management on forest conditions in Ethiopian Montane forests. We compared observed densities of different tree species and size categories in forests managed by local forest user groups (FUGs) and the government. We used forest inventory data from 23,046 ha of contiguous forest managed by 74 individual FUGs. Topographical variables, including altitude, slope and aspect, were retrieved from Digital Elevation Model data for each FUG polygon. Generalized additive models and matching models were employed to analyse the effects of management and eliminate confounding factors. Findings show that altitude and slope were the topographical variables that had the strongest influence on species distribution. The overall densities of mature trees ha −1 and four individual species (Afrocarpus falcatus, Schefflera abyssinica, Hypericum lanceolatum and Rapanea melanophloeos) were higher in forests under participatory management (p < 0.01). The three major commercial timber species Juniperus excelsa, Afrocarpus falcatus and Hagenia abyssinica constituted 49% of the total relative density and 39% the total relative frequency. In spite of the fact that inventories were carried out only 3-5 years after the forests had been handed over to FUGs, the observed patterns in vegetation density indicate that participatory management was more successful than government management in making forestry sustainable.
Introduction
Decentralized forest management has been claimed to hold considerable potential for halting tropical deforestation by ensuring tenure security and more responsible forest governance (Angelsen & Wunder 2003; Sunderlin et al. 2005; Poffenberger 2006; Ribot et al. 2006 ). This management approach comprises a range of efforts to involve people who live in and around forests, organized in forest user groups (FUGs), in forest management decisions. Different forms of decentralized forest management exist in different countries and are described using terms such as co-management, community-based forest management, community forestry, joint forest management and participatory forest management (PFM) (Lawrence 2007; Bowler & Pullin 2010) .
Findings on the impacts of decentralized management on forest stocking have been ambiguous, but most studies have shown a decline in rate of deforestation and forest degradation after the introduction of decentralized forest management (e.g. Gautam et al. 2004; Somanathan et al. 2009; Coleman & Fleischman 2012; Takahashi & Todo 2012) , but see also Oyono et al. (2012) . A meta-analysis of 40 protected areas and 33 community-managed forests (Porter-Bolland et al. 2012 ) showed that the latter had a lower average rate of deforestation. Coleman and Fleischman (2012) analysed the impact of decentralized forest management on perceived forest conditions in case studies in four countries and, controlling statistically for confounding variables, they observed greater forest cover in communitymanaged areas in most of the cases researched. However, the study used perception-based assessment of forest conditions, and the results can be influenced by many factors that were not considered in the analysis (Lund et al. 2009 ).
The growing literature on impact evaluation emphasizes that impacts should be assessed for the degree to which changes in outcomes can be attributed to a particular intervention rather than to other factors. Such confounding factors can to some extent be controlled through evaluation designs, such as quasi-experimental designs (Ferraro 2009 ). The absence of consistent and rigorous environmental impact evaluation studies has been mentioned as a major hindrance to choose from available forest governance regimes (Ferraro & Pattanayak 2006; Caplow et al. 2011) . The number of studies that employ quasi-experimental designs to evaluate impacts of conservation policies has grown in recent years (Caplow et al. 2011) , but the majority have aimed to assess the impacts of protected areas (e.g. Andam et al. 2010; Ferraro et al. 2011; Pfaff et al. 2014 ) and few have focused on the impacts of community-based forest management (Somanathan et al. 2009 ). Particularly, the scarcity of impact studies is obvious in African conditions (Porter-Bolland et al. 2012) . Besides, according to Bowler and Pullin (2010) , only 10 out of 42 studies analysing the impact of decentralized forest management investigated factors that may have confounded the direct comparison of forests under decentralized management with forests under other management regimes.
Decentralized forest management, such as PFM, is meant to restrict the access to resources that were previously considered open to all. Unfortunately, increased regulation of a specific forest may result in aggravated rates of degradation in adjacent forests, especially where these continue to be the responsibility of government authorities. Such undesirable consequences, a 'leakage effect' of PFM, are reported in several studies (Chakraborty 2001; Schreckenberg & Luttrell 2009; Bowler & Pullin 2010) . Takahashi and Todo (2012) , for instance, found that in Ethiopian forest areas under PFM, the forest cover increased by 1.5% in the 2 years following the establishment of FUGs; during the same period, the forest cover of adjacent forests under government management decreased by 3%. Gobeze et al. (2009) showed that seedling and sapling densities increased in PFM forests compared to the adjacent non-PFM forest in Bonga, Ethiopia. None of these studies, however, considered whether the initial conditions of the forests under the two management regimes were comparable.
Inspired by the absence of rigorous empirical studies on the impacts of decentralized forest management, particularly in Africa, the present study was carried out in Ethiopia where the forest cover is believed to have declined from about 40% at the end of the nineteenth century (Dessie & Christiansson 2008) to 4% in recent years (Earth Trends 2007) . PFM pilot projects were initiated in the 1990s to halt the deforestation, and since 2010, a national program to scale up PFM is being implemented, apparently without making use of the experiences gained from the pilot projects (Limenih & Temesgen 2011) . Today about 667,498 ha of forest land is under management of 556 FUGs and 123 FUG cooperatives in Ethiopia (Ameha et al. 2014a ). Our study site is located in the south-eastern highlands of Ethiopia, in Dodola district, where the first PFM pilot project was established in 2000. Forests in Dodola thus offer the longest experience with PFM in Ethiopia.
The purposes of the study were (1) to analyse differences on the densities of various tree species and size categories between forest under participatory management and forest under government management in Dodola District, (2) to identify the effects of confounding topographical and structural variables on the distribution and density of different tree species in the two case forests and (3) to analyse the stand structure and species composition in the forest. The results of the study provide empirical evidence that can inform future PFM policies in Ethiopia and elsewhere.
Site description and methods

Study site
The Adaba-Dodola forest area was chosen for this study for two reasons: (1) it is the oldest PFM area in Ethiopia, and (2) extensive forest mensuration has been carried out in the area, and spatial data are available both for forest areas already under PFM and for those in transition from government to participatory management. These types of data are not available from any other PFM area in Ethiopia.
The Adaba-Dodola forest is located on the northern slopes of the Bale Mountains in the south-eastern highlands of Ethiopia (Figure 1 ). The Bale Mountains form the largest continuous area in Africa with elevations exceeding 3000 m, and they therefore constitute the most extensive area of alpine and subalpine Ericaceous vegetation on the African continent (Uhlig & Uhlig 1991) .
The Adaba-Dodola forest is bordered by vast agricultural plains (more than 2000 km 2 ), located at altitudes of about 2400 m and surrounded by mountain ranges with peaks that reach over 3700 m (Schmitt 2003; Johansson et al. 2012) . The livelihoods of people living in the Dodola area are mainly based on agriculture, forestry and livestock production (Ameha et al. 2014b ). The main forest products harvested are fuelwood (including for charcoal production), grass for livestock, and roofing, tree fodder, timber and construction wood. The forest has been inhabited by people for centuries. Anthropogenic disturbances such as expansion of agricultural land, browsing or grazing of livestock, extraction of wood and wildfire have progressively reduced the size of the forest from 140,000 ha in the early 1980s to 53,000 ha in 1997 (Kubsa et al. 2003) . The annual deforestation rate between 1993 and 1997 was 3% (Tadesse 1999) .
PFM approach
In the PFM arrangements of Ethiopia, the government holds ownership of the forest, while the local communities, organized in FUGs, have use rights. The first FUGs, named 'wajib' in the local language, were established in 2000 in Dodola district with support of the German Government (GIZ) (Kubsa et al. 2003) . According to the Dodola district forest enterprise office (the local forest authority), 101 FUGs with 2786 member households were established during 2000-2010 in 10 villages. These user groups manage 40,576 ha of forest, including agricultural plots and settlements located within the forest boundary, 8649 ha of Erica moorland and 1067 ha of plantation forest (Cupressus lusitanica and Eucalyptus sp.).
The main criterion for FUG membership is living inside the designated PFM forest boundary. The forest area in a given village was divided into blocks with an average area of 360 ha (Figure 1), and user groups consisting of a maximum of 30 households were formed in each block. FUG members were granted exclusive forest product use rights, including grazing and cultivation of agricultural plots inside the forest that they had been using before the FUG establishment. In return, FUG members are obliged to fulfil the following: (1) keep or improve the forest cover, (2) prevent establishment of new homesteads and expansion of farmland, (3) restrict use by non-members and (4) pay an annual forest rent to the government, US$ 1 ha −1 year −1 for tree-less areas in the forest to encourage user groups to increase forest cover of their designated area (Kubsa et al. 2003; Tesfaye et al. 2011 ).
Vegetation, soil and climate
The vegetation in the study area mainly belongs to the afromontane and afroalpine categories (Friis 1992) , with distinct altitudinal zonation (Stipl 1988; Fichtmüller 1997) . The soils are generally silt or clay soils, which have a depth of more than 1 m on gentle slopes and in valleys, but which are shallow on steep slopes and at the tops of ridges (Asrat et al. 1997 ). Soil organic carbon stocks vary with vegetation type and with differences in microclimatic conditions induced by topographical factors (Yimer et al. 2006 ).
The precipitation is bi-modal with a main rainy season from July to September and a short rainy season in March and April. The minimum and maximum temperatures recorded in the low-and midaltitude range (2450-2600 m above sea level) were 10 and 23°C, respectively. Average rainfall in this altitude range was 850 mm. At high altitudes, about 3000 m, the minimum temperature was 5°C, the maximum was 23°C and the average annual rainfall was 1280 mm (Schmitt 2003) . Around 3400 m, the annual rainfall was 1740 mm, and the average maximum and minimum temperatures were 15°C and 5°C during the rainy season and 22°C and 2°C during the dry season (Johansson et al. 2012 ).
Data
Forest inventory data
We used forest inventory data collected between October 2004 and December 2005 from 23,046 ha forest which are managed by 74 FUGs that were established in two separate phases. In the first phase (2000) (2001) (2002) (2003) , the management of 13,375 ha forest was transferred to 36 FUGs in four pilot PFM villages (Adele, Bura, Danaba and Barisa). In the second phase (2005) (2006) , 9671 ha forest were transferred to 38 FUGs in three adjacent villages (Qachema, Harageneta and Alentu). Thus, in 2004-2005, when the inventory was conducted, 13,375 ha forest were under participatory management and 9671 ha were still under government management. We use the term 'forest under participatory management' for FUGs established in the first phase (presented as dark grey areas in Figure 1 ) and 'forest under government management' for second-phase FUGs established shortly after the inventory (presented as the light grey areas in Figure 1 ).
The quantitative inventory data describing the forest composition were collected by Dodola District Forest Enterprise Office. A detailed account of the inventory sampling design is provided by Amente et al. (2006) . Plots were circular with an area of 2000 m 2 and were located at the intersection points of a 100 m × 100 m square grid. The total number of plots assessed in the 74 FUGs was 20,655; the sampling intensity was 18%. In each plot, data were collected on potential crop trees (PCTs) and mature trees (MTs). PCTs are trees of economically desirable species that are vigorous and have the potential to develop a high timber quality (Lamprecht 1989) . The criteria used to select PCTs in the study area were (1) healthy young trees with undamaged trunks, (2) trees taller than 2 m, assuming that trees this tall will escape further browsing damage and (3) commercial timber species with a diameter less than 40 cm and non-timber species with a diameter less than 25 cm diameter at breast height (dbh). Trees with diameters exceeding these limits were considered as MTs.
The different tree species occurring in the forests were further classified locally into two groups based on the size they reach at maturity. All commercial timber species attaining diameters larger than or equal to 40 cm at maturity were categorized as group one (GI) and species that achieve diameters larger than or equal to 25 cm at maturity were categorized as group two (GII). The species included in GI were Juniperus excelsa M. Bieb., Afrocarpus falcatus (Thunb.) C.N. Page, Hagenia abyssinica J.F. Gmel., Ekebergia capensis Sparrm., Schefflera abyssinica (Hochst. ex A. Rich.) Harms, Olea europaea subsp. africana (Mill.) P.S. Green and Maytenus spp. Species included in GII were Pittosporum viridiflorum Sims, Hypericum lanceolatum Lam., Rapanea melanophloeos (L.) Mez, Erica arborea L. and a residual group termed 'Others', which included, e.g., Nuxia congesta R. Br. ex Fresen. and Buddleja polystachya Fresen.
Within each plot, the number of stems and dbh of trees were recorded for GI species in three size classes: ≤20 cm; 20-40 cm and ≥40 cm and for GII species in two size classes: ≤25 cm and >25 cm. When dense clusters of young trees were encountered, a minimum distance of 4 m between selected PCTs was applied to reflect their future need for growing space, assuming that other individuals that were not selected would be removed.
Topographic models
The study area is characterized by mountainous terrain, and the effects of PFM establishment may be confounded with topographical factors. We therefore examined the influence of topographic variables on the density of each of the tree categories. A range of topographical variables, including altitude, slope and aspect, were estimated for each FUG polygon using the Global Digital Elevation Model, which is a product of the Ministry of Economy, Trade and Industry of Japan and the National Aeronautics and Space Administration. The data set was obtained from the web page of the United States Geological Survey Earth Explorer (USGS 2013). Altitude, slope and aspect variables were estimated using ArcGIS version 10.1 (Figure 2 ).
Data analysis
Generalized additive models
A generalized additive modelling (GAM) technique was used to construct regression models expressing the effect of management while also controlling for (possibly confounding) effects of topography and spatial location. GAM models were chosen because this model type allowed us to simultaneously model the effect of altitude using a spline function and estimate linear parameters expressing the effects of several other variables (for details see Guisan et al. 2002) . We also used GAM models to select variables for the matching models described below. The models were prepared using the GAM procedure of the SAS (v. 9.2) software package.
The response variables in our data set were densities of individual species, PCTs and MTs ha −1 . Due to rightskewed density distributions of most species and the presence of many zero values for some species, mainly A. falcatus, O.europaea, E.capensis and P.viridiflorumpartly as result of their limited ecological range and partly because of human disturbancewe used square roottransformed density values to obtain residuals that behave randomly. For these data, we applied a Gaussian error distribution with an identity link function in the GAM. The models were reduced step by step by removing the least significant variable, one at a time, until no more variables could be dropped (p < 0.1). The predictor variables used in the final models were a dummy variable specifying the management regime, which is 1 for forest under participatory management and 0 for forest under government management; the mean altitude; the percentage of area with slope >15°; percentages of the area facing west, east and south; area of the FUG (in ha); area of Ericaceous shrub (in ha) and walking distance to the nearest market (in hours). Predictor variables such as the number of FUG members, population size and forest area per member were omitted from the model as they were not statistically significant for any of the response variables.
Matching models
The villages where PFM was implemented in the first phase were not chosen randomly, and hence there was selection bias. Discussion with key informants and review of project documents showed that the four pilot villages were selected neither on the basis of severe threats to the forest nor on the basis of high conservation potential. Rather, it appears that selection was mainly based on ease of access to pilot villages from Dodola town, where the offices of the forest department and the PFM pilot project were situated, and to the main highway ( Figure 1 ). Non-random selection of PFM forest implies that there might be observable factors that differentiate the forest areas under PFM from those under government management. If this is not corrected for, it may lead to inaccurate conclusions on the difference in densities of trees under the two management regimes.
The FUGs varied with regard to topographical and structural variables, and the effects of these on density of different species and size categories may be confounded with the management regime. To capture the effects of the covariates, FUGs under participatory management (treatment group) were matched with areas under government management (control group) with similar propensity scores (PS). The applied unit of analysis was the area (a polygon) of forest assigned to each user group. Calculating PS reduces the need to match FUGs on every single relevant explanatory variable. If there is no selection bias conditional on the n-dimensional vector of explanatory variables, then there is no selection bias conditional on the 1-dimensional PS (Rosenbaum & Rubin 1983) .
We selected variables for matching the two management regimes that were assumed to affect species distribution and density and that were observed to be significant in the GAM models. Moreover, the variables chosen were either measured before the PFM program started (2000) or assumed to remain stable over time. For instance, we omitted variables on the number of members and the total population living within an FUG, forest area of the FUG (including size of Ericaceous heather land zone) which formed part of the basis for establishment of FUGs and delineation of FUG areas. Instead, we emphasized on topographical variables, which have also been pointed out by previous studies as important determinants of forest condition outcomes (Agrawal & Chhatre 2006) . The variables selected for matching were walking distance to market in hours, altitude (percentage of area lower than 2800 m and percentage of area higher than 3100 m); percentage of area facing east or west and percentage of area with slopes less than or equal to 10°and above 15°.
Walking distance to market has direct influences on density and composition of species. FUGs close to market can easily transport forest products in bulk that negatively influence stocking in the forest. To the contrary, those farther away from market have difficulty of transporting, hence less pressure on the forest. In mountain regions, topography is a key determinant of conditions affecting forests, including microclimate, soil properties and disturbances (Brown 1994) . Altitude determines temperature, moisture and CO 2 pressure and affects the type and density of individual species both negatively and positively. Altitude has an important influence on species composition and conditions in mountain regions as it affects a host of other variables, including temperature, accessibility and ease for agricultural activities. Hence, altitude influences the density of individual tree species both positively and negatively. Slope and aspect determine solar radiation received, terrain stability, erosion and moisture (Bader & Ruijten 2008) and, in our case, access to harvest of trees and possibility of converting the forest to cropland. We selected percentage of area facing east or west because Ethiopia is close to the equator radiation difference between surfaces that face north and south would be minimal. In the study area, east facing slopes receive stronger radiation in the morning to noon and heat up earlier than west facing. West facing heat up in the afternoon while the east begins cooling down. In the night, thermal contrast between west and east faces could lead to differences such as fog formation. In addition, prevailing winds are from east to west during certain times of the year, and east-facing slopes would receive more precipitation than west-facing slopes. This may imply that the duration of the growth season becomes longer on one side of a hill than on the other.
Previous studies have documented the impacts of slope and aspect on vegetation type and hydrology and on the composition of vegetation and the distribution of species (Ganuza & Almendros 2003) . Topographic summary variables were therefore calculated for each of the 74 FUGs.
A probit model (Appendix 1) was applied to estimate PS using the control/matching variables mentioned above. We applied two propensity score matching methods: Epanechnikov kernel matching with a default band width of 0.06 and nearest neighbour matching with three neighbours and caliper 0.06 with bootstrapped standard error of 1000 replications (for details on matching models, see, Becker & Ichino 2002; Caliendo & Kopeinig 2008) . Both matching models omit those FUGs from the treatment group whose PS turn out to be higher than the maximum or lower than the minimum score among observations from the control group. The outcome variables were differences between forest under participatory management and forest under government management on the densities of PCTs and MTs of GI and GII species and individual species.
To check whether the distributions of variables between treatment and control groups were balanced or not, we first employed a standardized bias and t-test for difference, as proposed by Rosenbaum (2002) . Second, we ran a probit model as suggested by Sianesi (2004) using the sample after matching to compare the pseudo-R 2 with the corresponding value obtained from the probit model prepared before matching. Finally, a likelihood ratio test was performed to check whether all the coefficients of the after-matching probit model could be zero. The analysis was carried out using stata software version 11 and the psmatch2 programme developed by Leuven and Sianesi (2003) .
Vegetation stand structure
The structure of a stand, i.e., the distribution of trees by species and size is the result of species growth habits, environmental conditions and management practices (Husch et al. 2003) . From an ecological perspective, species composition at a particular spatial scale is commonly viewed as having three components: frequency, abundance and dominance.
Species composition in this study was described by relative density and frequency. Relative density of each species was calculated as the number of stems of the species per plot divided by the total number of stems (all species) per plot. The relative frequency was calculated as the frequency [0; 1] of the species divided by the sum of frequencies across all species. Both variables were expressed in per cent.
Results
Topographic characteristics of the FUGs in Dodola are illustrated by the maps in Figure 2 . It appears that the shapes and sizes of most FUGs, relative to the scale of the terrain, imply that topographical variables vary between FUGs. The descriptive statistics (Table 1) reveal that the characteristics of forest areas under participatory management and under government management differ on many variables. For instance, looking at some of the topographic variables in Table 1 , 27% of the forest area under participatory management is located at relatively low altitudes (2500-2800 m) and 65% is on slopes steeper than 15°. By contrast, only 9% of the forest area under government management is located at altitudes of 2500-2800 m, and 65% is located on slopes less than 15°. It also appears that the densities of PCTs, MTs and individual species were higher in forest under participatory management, and in most of cases, the difference is statistically significant at the 1% level. However, topographical variables influence species density and distribution strongly. Therefore, this crude comparison of mean differences in densities of PCTs, MTs and individual species between the two management regimes is inadequate as a basis for assessing differences between management regimes, and we therefore proceed with the two approaches (they have been presented in the methods section) that control for the confounding variables. Table 2 shows parameter estimates for the GAMs (using a smoothing spline to model effects of altitude) of the effects of topographical and structural variables on square root-transformed densities of individual species, PCTs and MTs of GI and GII species. Altitude generally has the largest influence on species distribution and density, followed by slope and two of the aspect variables (west and east).
Influence of topographic variables
The coefficients on management, the variable that identifies the impacts of PFM on density of trees, shows that the densities of A. falcatus, S. abyssinica, H. lanceolatum and R.melanophloeos, were higher in forests under participatory management than in forest under government management, all other variables being con- stant. These differences were statistically significant (p < 0.01). For the broader tree categories, the results shown in the bottom part of Table 2 indicate that the densities of PCTs, both for GI and GII species and in total, did not differ significantly between the two management regimes. Conversely, considerable difference was observed for densities of MTs, where forest under participatory management had significantly higher total densities of MTs (GI and GII species and in total) than forest under government management. For all species, except P. viridiflorum, the density varied significantly along altitudinal gradients; for some the density decreased with altitude and for others the density increased with altitude. The last column of Table 2 shows that the smoothing spline used to describe the nonlinear effect of altitude also played a statistically significant role for most species. The effects of altitude on density of PCTs and MTs of GI species was negative and significant (p < 0.1 for MT GI and p < 0.01 for PCT in total and PCT GI), while a positive effect of altitude was observed on MTs of GII species and for MTs in total (p < 0.01). This reflects the fact that most GI species are found at lower altitudes, while GII species are mostly found at higher altitudes. However, PCTs of GII species are distributed uniformly in all altitudinal ranges, with no significant effects of altitude. Because of the large effect of altitude on density of most species, we ran a separate model with altitude as the only explanatory variable, thus illustrating the variation of species density along altitudinal gradients. In Figure 3 , this simple model is shown with the density observations and the values predicted by the models in Table 2 .
Slope had a positive and significant effect on the density of some species, PCTs and MTs of both GI and GII species, but no negative effect was observed for any species or PCTs and MTs. East-and west-facing slopes have similar patterns of influence for most species and, when significant, they are mostly negatively related to density of individual species, PCTs and MTs.
For the structural variables, our results showed no relationship between forest size (FUG area) and density for the broader groups of trees, except for MTs of GII species where a positive significant effect of FUG area was observed. For individual species, FUGs with large area tended to have higher densities of some species, while for a single species (A. falcatus), the opposite effect was observed. Effects of the share of Ericaceous shrub land were mostly weak, but significant negative effects were observed for MTs and PCTs of GI species, and significant positive effects were detected both for the high altitude species E. arborea and H. lanceolatum. Similarly, a significant negative effect was observed for the low altitude species J. excelsa. The effect of distance to market was weak, but a significant positive relationship was observed for PCTs of GII species, showing that FUGs located farther from markets have higher densities 
PS matching
The probit model applied for estimating PS is attached in Appendix 1. The model predicts the probability of a forest being under participatory management and has a pseudo-R 2 of 52%. A summary of the balancing test for covariates used for matching the forests is presented in Appendix 2 that shows that the mean bias was reduced from 81 to 14, and the variables were not jointly significant (Pr > χ2 = 0.122) after matching. All variables used in the matching models were balanced, and significant differences noted in the variables before matching between forests under the two management regimes disappeared (Table 2) ; unbroken curve, predictions by model with altitude only.
after matching (detailed test results for each covariate is specified in Appendix 3).
Based on kernel and nearest neighbour matching, Average Treatment effects on the Treated group of forest are reported in Table 3 . Both matching models dropped five FUGs from the group of forests under participatory management (Treatment) because of lack of common support as they were different from others with regard to the explanatory variables used for matching the forest under the two management regimes. Hence, in total, 69 FUGs were matched, 31 from the treated and 38 from the control group. The result from matching models (Table 3) shows that the differences in density of PCTs detected in Table 1 , both for GI and GII species, were not statistically significant after controlling for confounding factors. The main difference found between groups was that the densities of MTs in GI and in total were significantly greater in forests under participatory management. Table 3 shows that the differences in density of MTs of GI species was 15-16 trees ha −1 (p < 0.05), higher for forests under participatory management than for government-managed forests. For MTs in total, the difference was 25-27 trees ha −1 (p < 0.01); and for PCTs and MTs, it was 32-30 trees ha −1 (p < 0.1). The species-wise comparison showed that the densities of four species (A. falcatus, H.lanceolatum, R. melanophloeos and S. abyssinica) appeared to be higher (p < 0.1 or better) in forest under participatory management compared with forest under government management. Most of the results of the matching exercise are similar to the results obtained using the GAM (Table 2) , but differ considerably from the unadjusted estimates summarized in Table 1 .
We compared the characteristics of the five FUGs that were dropped by the matching algorithm with FUGs in the matched treatment group (participatory management) based on the explanatory variables used for matching. The comparison showed that the omitted FUGs are generally located farther from the market, do not include areas at lower altitudes (≤2800 m) and are located on steep slopes. The densities of trees in the omitted FUGs, however, did not differ from densities in the matched FUGs.
Species composition
The distribution of species in the forest is heterogeneous, with most species observed only in few plots and with low average densities (Figure 4) . Of the 11 individual species and the group of species classified as 'Others', the four most abundant species in the forest were J. excelsa (relative density 38%), R. melanophloeos (12%), H. lanceolatum (12%) and E. arborea (10%). These four species constituted 72% of the total stem number (abundance), but due to their altitudinal distribution (Figure 4) , and possibly clustering, their total relative frequency was lower (53%). Together, the three major timber species J. excelsa, A. falcatus and H. abyssinica made up 49% of the total density (relative density) and 39% of the total relative frequency. R. melanophloeos, H. lanceolatum and E. arborea, the three dominant upper altitude species, constituted 39% of the relative density and 35% of the relative frequency.
The relative frequency of J. excelsa was lower (21%) than the relative density (38%), reflecting that J. excelsa was abundant but only occurred at lower altitudes (Figure 4) . By contrast, H. abyssinica occurred only at higher altitudes and was much less abundant than J. excelsa. This implies that the relative density of H. abyssinica was low, but its relative frequency was only slightly lower than that of J. excelsa and comparable to that of R. melanophloeos, which had higher density. A. falcatus, which was Table 3 . Average treatment effect on treated (ATT) based on propensity score matching of forests under participatory management and forests under government management using Kernel and nearest-neighbour matching (NNM). Kernel (Epanichnikov) found only at lower altitudes, had the same relative density and frequency (5%).
Discussion
Influence of topographical and structural features
Our findings that altitude and slope were the topographical variables that had the strongest influence on species distribution in the forest agree with several other studies (e.g. Leathwick & Austin 2001; Agrawal & Chhatre 2006; Bader & Ruijten 2008; Somanathan et al. 2009 ). In part, the observed positive effect of steep slopes on the density of many tree species and size categories are likely due to the difficulty of accessing and harvesting trees on steep slopes and the limited suitability of sloping terrain for cultivation. The fact that the effect of slope was not significant for MTs of GI species may indicate that MTs in this group have large diameters, mostly above 80 cm and with large crowns that make them prone to damage by wind and landslides in areas with steep slopes. Asrat et al. (1997) also reported that soils on steep slopes and at the top of ridges in the area are shallow. The negative influence of east-and west-facing slopes on the densities of some species may be due to the fact that these slopes are drier than the north/south facing slopes because of the amounts of solar energy intercepted. In the tropics, north-south differences are less pronounced, whereas east-west differences may be larger than in temperate regions (Sarmiento 1986 ). The size of the user group relative to FUG forest area has been suggested as an important explanatory variable for changes in forest conditions with the establishment of PFM (Nagendra 2007) . However, forest area and number of households per hectare did not appear to influence the density of trees in the present study. This is not surprising as the number of members in a FUG in Dodola is limited to 30 households and as the area of forest per FUG is adjusted to render sustainable forest management possible given the current distribution of settlements in the forest. Previous studies have shown that inter-group and intra-group inequality can affect the ecological outcomes of PFM (Ostrom & Nagendra 2006 ). Since our purpose was not to make comparisons among FUGs, we have not considered such variables. However, a previous study in the same area (Rustagi et al. 2010) shows that FUGs with high shares of conditional cooperators (an individual cooperation being conditional on the cooperation of others) are characterized by higher densities of PCTs than FUGs with low shares of conditional co-operators. The same study also documented that other socio-demographic variables, such as education and clan difference, did not affect conservation outcomes of PFM significantly.
Impact estimates
When the inventory data used in the present study was collected (2004) (2005) , PFM had been in operation for only 3-5 years. The estimated bias adjusted differences (Table 3) in densities of trees between forest under PFM, and government management indicate that, given the topographical and structural variables available for correcting the estimates and under the conditions prevailing at the site, PFM was apparently capable of protecting the forest. The original, biased density differences (Table 1) showed that out of 11 tree species, the densities of nine individual species, PCTs and MTs were higher in forest under participatory management (p < 0.01) than in forest under government management. After controlling for confounding variables, however, only the densities of four species and MTs were higher and significantly different from forest under government management. Our findings agree with other studies that have applied similar approaches to analyse the effects of protected areas. For instance, Andam et al. (2010) showed that estimates of deforestation reduction rates in protected areas decreased from 65% to 10% when controlling for variables causing bias. Given the short time that PFM had been in operation when the data were collected, it appears surprising that differences between PFM and government forest could be detected. Partly this may be a consequence of FUGs actually protecting PFM forest, but it may also be related to leakage, increasing extraction from government forest. Moreover, it is also possible that the set of topographical, geographical and structural variables that we controlled for was insufficient. For example, we cannot rule out that initial forest quality (stocking) had at least some impact on the likelihood that a patch of forest was selected for PFM.
Although we did not observe differences in densities of PCTs between the forests under the two management regimes, visual observation in the forest and discussion with key informants during field work in 2010 indicated that regeneration is more abundant in the forest where PFM was established in the first phase compared to areas where PFM was established later. A possible explanation for the lack of difference in PCTs may be the short time period of the study; three to five years does not allow newly established trees to grow into the categories of trees that were measured (PCT and MT). Besides, the criterion followed during the inventory, that when dense patches of young trees were encountered the minimum distance between PCTs recorded should be 4 m, potentially leads to underestimation of the density of PCTs, particularly in FUGs established in the first phase if these did manage to protect the regeneration.
The GAM and the two matching models yielded consistent results, showing the robustness of our estimates. When developing the models, we tried out all topographical and structural variables that were available, carried out structured variable selection and checked that after matching no difference remained between forest categories on the chosen variables (Table 4 and Appendices 2 and 3). However, although we captured most effects of confounding variables, it cannot be ruled out that a limited bias may remain due to limitations on the set of covariates available for matching the two groups. For example, variables such as forest stocking in 1999-2000 or population density within three hours walking distance could have been included. We would, however, not expect the inclusion of such variables to change the outcome considerably.
The forest stand structure shows that all parts of the forest, particularly those at lower altitude, are dominated by a single species, J. excelsa. The analysis showed that the density of trees in the middle diameter class was low for all species, presumably due to past selective cutting, thus calling for special attention to the management of trees in this diameter class (Amente et al. 2006 ).
Is there a leakage effect of PFM?
Our finding that higher densities of MTs (particularly GI) were observed in forest under participatory management compared to forest under government management may actually indicate that leakage had occurred. A study by Tadesse (1999) has shown that the annual deforestation rate in the area between 1993 and 1997, before establishment of PFM, was 3%. Between 2002 and 2006, after PFM was introduced in the area, the forest cover under PFM increased by 15.6% (4% yearly), while the forest cover of adjacent areas under government management decreased by almost the same amount, 16% (4% yearly) (Neuman 2008) . Using the 3% annual deforestation rate reported by Tadesse (1999) as a reference, the added net annual deforestation rate in forest under government management that are located adjacent to PFM forests is then estimated at 1%. If other factors (market, logistics and population) remained unchanged between 1993-1997 and 2002-2006 , we may assume that the seeming net increase in the degradation rate in government-managed forest is mainly a result of leakage effects of PFM. Considering the annual increase in forest cover under PFM was about 4% between 2002 and 2006 and the areas of FUGs under PFM and government management were 13,375 ha and 9671 ha, respectively, the net gain caused by PFM is more than the loss. Where PFM was introduced, the extraction of forest products has partly been displaced to forest areas under government management. It means that the institutional arrangements of participatory management (the introduced limits on the size of user groups, restrictions on the number of MTs that a user group may harvest and on the expansion of agricultural and homestead areas in PFM forests, promotion of ecotourism and expansion of tree planting activities inside and outside the forest) have worked. In addition, the positive net effect of PFM on forest conservation seems higher than the loss related to leakage, indicating that PFM is a useful forest conservation approach.
Conclusion
This article contributes to the literature on impacts of decentralized forest management on forest conditions by comparing observed densities of different tree species and size categories in forests under participatory and government management. As opposed to most previous impact studies that were based on macro-level data (Coleman & Fleischman 2012) , the main contribution of our analysis is to provide a micro-level analysis.
Results from this analysis show that the overall densities of MTs ha −1 and four individual species (Afrocarpus falcatus Schefflera abyssinica, Hypericum lanceolatum and Rapanea melanophloeos) were higher in forests under participatory management (p < 0.01). The noted differences in vegetation densities between the two management regimes indicate that, when controlling for topographical and structural confounding variables, PFM does actually appear to contribute positively to the distribution and density of different species in the forest. The effects of confounding variables may be large, and our study suggests that the effects of topographical variables need to be considered when comparing the impacts of different management regimes. The present study supports previous arguments that compared to other types of forest management regimes in developing countries, decentralized management has a potential to reduce deforestation rates (e.g. Somanathan et al. 2009; Coleman & Fleischman 2012; Porter-Bolland et al. 2012 
